In the presence of an excess of various alkyl radical scavengers or nitroxide reductants (TEMPO, phenylhydrazine and thiophenol), 31 P NMR monitoring was used to determine the homolysis rate constant (k d ) of β-phosphorylated alkoxyamines. The k d values for a mixture of diastereoisomeric alkoxyamines can be obtained in a single experiment and the formation of reaction products can be followed. The measured values were in good agreement with those obtained with other approaches involving chromatography or electron paramagnetic resonance (EPR).
Introduction
After the seminal works of Rizzardo et al. [1] and Georges et al. [2] , the contribution of Fischer's group [3] and others [4] , the main features of nitroxide mediated polymerization (NMP) are now well understood. The value of the homolysis rate constant (k d ) of alkoxyamines (the so-called dormant species) involved in the process appears as a key parameter to anticipate the course of these processes. Values of k d were mainly measured with electron paramagnetic resonance (EPR) [5] and chromatographic [6] methods, while only few examples from NMR are known [3h,i, 7] . Along the last years, new stable β-phosphorylated nitroxides developed in our laboratory emerged as the most efficient regulators for NMP (Scheme 1) [8]. The N- (2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl) -N-oxyl radical (SG1) was shown to control efficiently the radical polymerization of most styrenic and acrylic monomers; this nitroxide and its corresponding alkoxyamines arose a large interest [9] . Hereafter, we present our results on the measurement of k d of β-phosphorylated alkoxyamines using the widely accessible 31 P NMR spectroscopy. Alkoxyamines (Scheme 2) were heated in the presence of various alkyl radical scavengers (ARS: 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO), phenoxazine, thiophenol and 1 phenylhydrazine) or in the presence of nitroxide reductants (NR: phenoxazine, thiophenol and phenylhydrazine). The results will be compared with those obtained by EPR [5f] . 
Scheme 2.
Experimental part
Materials tert-Butylbenzene (t-BuPh, Aldrich) was purified by standard procedures. TEMPO (Aldrich) was sublimed, and phenoxazine, tributylphosphineborane (ARS/NR), thiophenol (PhSH) and phenylhydrazine (PhNHNH 2 ) were purchased from Aldrich and used as received. SG1EEst (95% purity) was kindly provided by AtoFina company. Other SG1-based alkoxyamines were synthesized and purified following known procedures [8d] . NMR experiments were carried out on an Automate Advance 300 Bruker spectrometer in Centre Regional de RMN (CRRMN of the Universities of Marseille). EPR experiments were performed on a CW-EPR spectrometer (EMX Bruker) [3c, 5f, 9] .
NMR experiments
In a typical experiment, around 20 NMR probes were filled with 0.4 mL of a solution of a SG1-based alkoxyamine (6.25·10 -2 M) and an ARS/NR (0.125 M) in tert-butylbenzene as solvent. Probes were sunk in a pre-heated oil bath at the experimental temperature. Then, at various intervals of time, a probe was taken out, quenched and stored in icy water. At the end of the experiment, 0.1 mL of a solution of deuterated benzene containing a phosphorylated standard (diethyl 1-(tert-butylamino)-2,2-dimethylpropylphosphonate, 5.0·10 -3 M) was added to all samples. 1 H-decoupled 31 P NMR experiments were performed using a delay time of 3 s and 64 scans. The alkoxyamine concentration was monitored in the range 6.25·10 -2 to 5.0·10 -4 M (Fig. 1) . The presence of a high concentration of TEMPO as ARS should dramatically change the 1 H NMR spectrum due to an interaction spin nuclear ( 1 H) -spin electronic. The 1 H linewidth would be so broad that no signal would be observed. However, such interaction generally requires proximity between the nucleus and the spin. Such proximity would be easy with 1 H nuclei of the alkoxyamine but certainly 2 difficult with the less accessible phosphorus atom. Consequently, only a small broadening of the phosphorus peak was observed.
Results and discussion
In the presence of an excess of ARS or NR to the concentration of the released radicals (reactions 4 and 5, Scheme 3), the persistent radical effect [3a] (PRE, reactions 1 -3 in Scheme 3) does not operate [3c,f, 5f,g, 8c, 9] and therefore the value of k d is simply measured and given by Eq. (6).
Scheme 3.
The thermal instability of the nitroxide moiety can be a severe limitation to the measure of k d using the EPR approach. This limitation is removed when 31 P NMR monitoring of the alkoxyamine decay is used. It must be noticed that the shift of 31 P NMR does not provide information on the chemical process involved, and the contribution of a heterolytic process (Scheme 4) cannot be straightly ignored. The absence of 31 P NMR peaks in the SG1-based alkoxyamine zone (15 -30 ppm) allowed to disregard side-reactions 7. When thiophenol and phenylhydrazine were used as ARS/NR, the presence of diethylphosphite ((EtO) 2 P(O)H, 31 P NMR: δ = 6 ppm) suggests that reaction 5 (Scheme 3) occurred. The generated hydroxylamine SG1-H decomposed quickly above 80°C to mainly yield the diethyl phosphite as observed in a blank experiment (SG1 and PhSH first yielded SG1-H and then (EtO) 2 P(O)H).
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However, previous EPR k d measurements conducted in the presence of a two equivalent excess of TEMPO as ARS have shown that only a homolytic cleavage is involved [10] and that the released alkyl radical was completely scavenged [11] . The pertinence of the 31 P NMR method was confirmed by the monitoring of SG1-EEst in the presence of TEMPO as ARS (Figs. 1 and 2) . 
(■) RR/SS diastereosiomers, (•) RS/SR diastereoisomers
The results (Tab. 1, entry 4) were in very good agreement with those obtained by EPR (entries 2 and 3, Tab. 2). Furthermore, no new peaks (Fig. 1) in 31 P NMR were observed over the reaction time (4 -5 h) [12] . On the other hand, at the end of the experiment, the ratio SG1 / TEMPO measured by EPR [13] (Fig. 3) confirmed that the decomposition of alkoxyamines occurred via reaction 1 (Scheme 3, reactions 1 and 4) as already described in a previous work [11] . p) The other isomer exhibits a very broad peak at 22.1 ppm. Ratio 1/1.
Other ARS or NR (entries 2 -5, Tab. 1) at different concentrations (entries 3 and 5, Tab. 1) were tested. In most cases, the results were as good as obtained in the presence of TEMPO (Fig. 1) .The k d values and activation energies were measured (Tab. 1) for both diastereoisomers and were close to those obtained by EPR (Tab. 2).
When sufficient excess of ARS/NR was present to suppress the PRE, k d values were not dependent on the amount of ARS/NR (Tab. 1, entries 3 and 5). About the twofold increase of k d (Tabs. 1 and 2, entries 1) can be accounted for by the increase of the polarity of the medium (PhSH/t-BuPh, v/v = 1/1, µ t-BuPh = 0.36 D, and µ PhSH = 1.23 D) [14] when too high an excess of polar scavenger was used. Such influence has 5 already been observed [3h,i, 5f] SG1ECN and SG1EAc (Tab. 1, . Some other ARS such as phenoxazine (entry 6, Tab. 1) and tributylphosphineborane were tested without any success.
Measurement of k d using EPR exhibits the following advantages: (i) it is potentially capable to measure k d for any alkoxyamine, (ii) a small amount of compounds (20 mg 6 for 20 measurements) is required, (iii) no scavenger polarity effect is observed, (iv) the possibility to measure fast kinetics (from 15 min to infinite time). The main drawback concerns the specific devices needed, i.e., an EPR spectrometer and its set-up. Measurements of k d values using 31 P NMR show the following advantages over EPR: (i) the possibility to measure very slow kinetics, (ii) the possibility to measure k d simultaneously for several diastereoisomers -and over 1 H NMR: (i) experiments run in non-deuterated solvents, (ii) the 31 P spectrum does not overload with the features of ARS, NR, and of their scavenging and degradation products, (iii) the possibility to run experiments in the presence of a high amount of nitroxyl radicals; and as drawbacks, 31 P NMR experiments require a large amount of compounds [16] (> 100 mg) and a phosphorus labeled molecule, and sometimes unpredictable solvent effects due to the amounts of ARS or NR can occur.
In conclusion, NMR is well suited to support a new surge of mechanistic studies in the field of NMP [17] . Furthermore, this method should be adaptable to any alkoxyamine bearing a heteroatom observable by NMR spectroscopy.
